A role of polyubiquitination in the activation of IκB kinase (IKK) through a proteasomeindependent mechanism was first reported in 1996, but the physiological significance of this finding was not clear until 2000 when TRAF6 was found to be a ubiquitin E3 ligase that catalyzes lysine-63 (K63) polyubiquitination. Since then, several proteins known to regulate IKK have been linked to the ubiquitin pathway. These include the deubiquitination enzymes CYLD and A20 that inhibit IKK, and the ubiquitin binding proteins NEMO and TAB2 which are the regulatory subunits of IKK and TAK1 kinase complexes, respectively. Now accumulating evidence strongly supports a central role of K63 polyubiquitination in IKK activation by multiple immune and inflammatory pathways. Interestingly, recent research suggests that some alternative ubiquitin chains such as linear or K11 ubiquitin chains may also play a role in certain pathways such as the TNF pathway. Here I present a historical narrative of the discovery of the role of ubiquitin in IKK activation, review recent advances in understanding the role and mechanism of ubiquitin-mediated IKK activation, and raise some questions to be resolved in future research.
Introduction
The early 1990s was a golden era for both ubiquitin and NF-κB fields, although the two fields barely talked to each other at the time. Avram Hershko, Aaron Ciechanover, Irwin Rose and their colleagues discovered the ubiquitin pathway and elucidated the ubiquitin conjugation and deconjugation cascades that involve ubiquitin E1, E2, E3 and deubiquitination enzymes (DUBs) (1, 2) . Alex Varshavsky and his colleagues proved that the ubiquitin system plays a dominant role in intracellular protein degradation in vivo (3, 4) . It was also demonstrated that some prominent proteins, such as p53 and cyclin, were degraded by the ubiquitin-proteasome pathway (5, 6) , thus removing the stigma that the ubiquitin system is merely a 'garbage disposal' By the early 1990s, David Baltimore and his colleagues had discovered NF-κB and IκB, and established the paradigm of NF-κB regulation that is still guiding our research today (7) (8) (9) (10) . The paradigm is simple and elegant: NF-κB, which consists of two subunits of the Rel family, is sequestered in the cytoplasm of most cells in association with the inhibitor IκB. Stimulation of cells with a variety of agents leads to the dissociation of IκB from NF-κB, which then enters the nucleus to turn on a battery of genes important for immune and inflammatory responses.
The question in the NF-κB field then became: how is IκB dissociated from NF-κB? Patrick Baeuerle and others found that IκBα was rapidly degraded when cells were stimulated with inflammatory cytokines (11) . The degradation of IκBα correlated with NF-κB activation. Furthermore, serine protease inhibitors such as TPCK and TLCK inhibited IκBα degradation and prevented NF-κB activation. These experiments suggest that IκBα degradation allows NF-κB to enter the nucleus, and the protease for IκBα degradation might be a serine protease. However, it was later found that TPCK and TLCK also inhibited IκBα phosphorylation, so the effect of these chemicals on IκBα degradation was indirect. Nevertheless, these studies are important because they brought IκB degradation to the scene of the NF-κB field.
Tom Maniatis and his colleagues were the first to link the ubiquitin-proteasome pathway with the NF-κB pathway (12) . In 1994, they showed that the processing of the NF-κB precursor p105 to p50 requires the ubiquitin-proteasome pathway. Furthermore, they found that TNFα-induced degradation of IκBα was blocked by proteasome inhibitors, which were developed by a small start-up company called MyoGenics (later renamed ProScript).
Personal and Historical Narrative
In the spring of 1994, I joined MyoGenics to help develop proteasome inhibitors as a potential treatment for muscle wasting (hence the company name). MyoGenics needed someone with expertise in the ubiquitin system at a time when only a dozen labs in the world worked on ubiquitin. My Ph.D. mentor Cecile Pickart, one of the pioneers in the ubiquitin field, recommended me to MyoGenics. My first assignment was to make polyubiquitinated conjugates for the 26S proteasome so that inhibitors could be tested. I completed this task rather quickly. Then my interest shifted to NF-κB because I had trained with Inder Verma as a postdoctoral fellow at the Salk Institute, where I was introduced to NF-κB. With some experience in both NF-κB and ubiquitin, I felt I was in a unique position to figure out how the ubiquitin-proteasome pathway regulates NF-κB. In collaboration with Tom Maniatis, who was one of the founders of the company, I showed that IκBα was polyubiquitinated in a manner that depended on phosphorylation at two serine residues (Ser32 and 36), which were independently shown by Uli Siebenlist and Dean Ballard to be important for IκBα degradation and NF-κB activation (13) (14) (15) . We also showed that polyubiquitination was required for IκBα degradation by the 26S proteasome in vitro (13) My next task was to identify the enzymes responsible for IκBα ubiquitination. Inspired by the biochemical approaches of Avram Hershko and Aaron Ciechanover, who used anion exchange chromatography to separate ubiquitin and ubiquitination enzymes into different fractions, I also prepared Fraction I (unbound) and Fraction II (bound to and eluted from the column) from HeLa cytosolic extracts (S100) (16) . As my goal was to identify the E2 and E3 for IκBα, I included E1, ubiquitin, 35 S-labeled IκBα, Fraction I, Fraction II and ATP in the reaction mixture. I was able to detect IκBα ubiquitination as well as its phosphorylation. Surprisingly, when I left out Fraction I or Fraction II, IκBα phosphorylation disappeared. Based on my knowledge of the ubiquitin system at the time, I knew Fraction I contained some E2s such as Ubc5. When I replaced Fraction I with Ubc5, IκBα phosphorylation was restored. A few more experiments revealed that IκBα phosphorylation depended on E1 and ubiquitin but was inhibited by methylated ubiquitin, suggesting that polyubiquitination was important. Proteasome inhibitors and a mutation of K48 of ubiquitin had no effect on IκBα phosphorylation. These results suggest an unprecedented possibility that a unique form of polyubiquitination activates an IκB kinase through a proteasome-independent mechanism. To identify the IκB kinase, I further purified Fraction II based on the IκB phosphorylation assay. Gel filtration experiments showed that the kinase activity resides in a large complex with a molecular weight corresponding to approximately 700 kDa. Based on these results, we proposed that the IκB kinase is a large, ~700 kDa complex that can be activated by polyubiquitination through a proteasome-independent mechanism that remains to be elucidated (16) .
The publication of our Cell paper in 1996 immediately drew considerable skepticism in part because our claim that ubiquitination had a proteolysis-independent function in activating a protein kinase was simply too radical at the time when none of the IKK subunits was molecularly cloned yet. Admittedly, the claim was based almost entirely on in vitro biochemical experiments and we had no clue as to how ubiquitination might play a role in IKK activation in cells by any physiological stimulus. This predicament lasted for a few years until we started working on TRAF6 in my laboratory at the University of Texas Southwestern Medical Center at Dallas.
In 1999, soon after the identification of β-TrCP as the substrate-targeting subunit of the IκB ubiquitin E3 complex (17) (18) (19) , we tried to understand how IKK is activated by different signaling pathways. We focused on TRAF6 because it was shown that knockout of TRAF6 in mice blocked NF-κB activation by IL-1β and LPS (20, 21) . Since overexpression of TRAF6 in cells activates NF-κB (22, 23) , we asked if we could use recombinant TRAF6 protein to activate IKK in HeLa cytosolic extracts. This assay, which was carried out by my postdoctoral fellow Li Deng, worked out beautifully, thus providing us a cell-free system to study how TRAF6 activates IKK (24) . We then fractionated HeLa extracts and purified two factors that could support IKK activation by TRAF6. Remarkably, the first factor was a ubiquitin E2 complex consisting of Ubc13 and Uev1A. The yeast homologue of this E2 complex was shown by Cecile Pickart to catalyze the synthesis of K63 polyubiquitin chains that are important for DNA repair (25) . The discovery of Ubc13/Uev1A as an IKK activator prompted us to test whether TRAF6 is a ubiquitin E3. Indeed, TRAF6 dramatically enhanced the synthesis of K63 polyubiquitin chains by Ubc13/Uev1A (24) . Around that time, Alan Weissman at NIH showed that a family of proteins containing a conserved RING domain could stimulate E2-dependent ubiquitination (26) . Interestingly, TRAF6 and other proteins of the TRAF family contain a highly conserved RING domain that is important for NF-κB activation (22) . We found that mutations in the RING domain of TRAF6 abolished its ubiquitin ligase activity as well as its ability to activate IKK. Experiments using a panel of ubiquitin mutants containing single or multiple mutations in the lysine residues revealed that a lysine at position 63 of ubiquitin is both necessary and sufficient to support IKK activation by TRAF6 (24) . The discovery that TRAF6 is a ubiquitin E3 ligase and that K63 polyubiquitination is important for IKK activation immediately provides the physiological relevance of our earlier finding of a role of polyubiquitination in IKK activation.
The second factor we purified from HeLa extracts turned out to be a protein kinase complex consisting of TAK1, TAB1 and TAB2 (27) . TAK1 was initially thought to be important for TGFβ signaling and later found to be involved in the IL-1 pathway (28, 29) . We found that the TAK1 kinase complex is activated by TRAF6-catalyzed K63 polyubiquitination. After TAK1 is activated, it phosphorylates IKKβ at two serine residues within the activation loop, leading to IKK activation. Thus, TAK1 is an IKK kinase. The ubiquitin-activated TAK1 also phosphorylates MKKs (e.g, MKK6), leading to the activation of JNK and p38 kinase pathways (27) .
How does K63 polyubiquitination activate TAK1? The first clue to answering this question was our observation that TAB2 and its homologue TAB3 contain a highly conserved zinc finger motif termed NZF which is a ubiquitin-binding domain (30) . We found that the NZF of TAB2 and TAB3 bound preferentially to K63 polyubiquitin chains, and that mutations within this domain that disrupted ubiquitin binding also impaired the ability of TAB2 and TAB3 to activate NF-κB. These results led us to propose that the binding of TAB2 or TAB3 to K63 polyubiquitin chains results in the activation of the TAK1 kinase ( Figure 1 ).
Interestingly, NEMO, the essential regulatory subunit of the IKK complex, is also a ubiquitin-binding protein. Jonathan Ashwell's lab and our lab independently discovered a ubiquitin-binding domain encompassing a coiled-coil region of NEMO (31, 32) . Mutations within this domain that disrupt ubiquitin binding also impair IKK activation. Interestingly, several of these mutations that affect ubiquitin binding are found in human patients inflicted with ectodermal dysplasia with immunodeficiency (EDA-ID) (33) . The NEMO ubiquitin binding (NUB, also known as UBAN, NOA or CoZi) domain was later shown to bind linear di-ubiquitin with even greater affinity than K63 di-ubiquitin (34, 35) , raising the possibility that linear ubiquitination might also regulate IKK activity (see below). However, NEMO contains another ubiquitin-binding domain at the C-terminus, and it was shown that a NEMO fragment containing both NUB and the C-terminal ubiquitin binding domains has increased affinity for K63 polyubiquitin chains (36) .
The findings that TAB2 and NEMO, which are regulatory subunits of the TAK1 and IKK complexes, respectively, are ubiquitin receptors provide strong support for the role of ubiquitination in the activation of these kinases. Further support to this model came from the discoveries by other laboratories that CYLD and A20 function as deubiquitination enzymes to inhibit IKK (reviewed by V. Dixit) (37) (38) (39) (40) (41) . Moreover, as discussed below, recent studies by many laboratories have provided strong evidence that K63 polyubiquitination plays a critical role in signal transduction in multiple pathways, including those triggered by the T cell receptor, Toll-like receptors, RIG-I-like receptors, NOD-like receptors, and by DNA damage in the nucleus (42) . More recently, we have shown that depletion of Ubc13 or replacement of endogenous ubiquitin with K63R ubiquitin in a human cell line completely abolished IKK activation by IL-1β, thus providing definitive evidence for an essential role of K63 polyubiquitination in the IL-1 pathway (43) . Interestingly, we found that cells expressing K63R ubiquitin could still activate IKK in response to TNFα stimulation. Further, depletion of Ubc5 but not Ubc13 abolished IKK activation by TNFα. These results suggest that other ubiquitination events, such as alternative polyubiquitin chains, could mediate IKK activation by collaborating with or compensating for K63 polyubiquitination in the TNF pathway (see further discussion below). In this regard, it is intriguing to note that we found Ubc5 as an IKK activator 15 years ago (16) . We still don't know how Ubc5 activates IKK in cells, but the fact that Ubc5 could synthesize different types of polyubiquitin chains, and our finding that Ubc5 is involved in IKK activation by TNFα, might provide important clues to this longstanding question.
Several years ago, we ventured into the RIG-I pathway of antiviral innate immunity and discovered the mitochondrial antiviral signaling protein MAVS (44) . Just as we did not expect our studies on IKK and then TRAF6 would repeatedly take us back to ubiquitination, we were surprised to find that the RIG-I -MAVS pathway is heavily regulated by ubiquitin (see below). Our inability to escape ubiquitination underscores the pervasiveness of this regulatory mechanism in cell signaling.
Role of K63 polyubiquitination in IKK activation by diverse stimuli
Interleukin-1 and Toll-like receptor pathways IL-1 receptor and Toll-like receptors (TLRs) share an intracellular TIR domain that binds to the adaptor protein MyD88, which then recruits the IRAK family of protein kinases, including IRAK1, 2 and 4. IRAK1 binds to TRAF6, which then functions together with Ubc13/Uev1A to catalyze K63 polyubiquitination ( Figure 1 ) (45) . Several proteins, including IRAK1 and TRAF6, are modified by K63 polyubiquitin chains following IL-1 stimulation; however, there is no direct evidence that ubiquitination of any of these proteins leads to TAK1 or IKK activation. We recently showed that free polyubiquitin chains, which are not conjugated to any cellular protein, bind to the TAB2 subunit of the TAK1 kinase complex (46) . This binding leads to cross autophosphorylation of TAK1 at Thr-181, resulting in TAK1 activation. In support of this model, IL-1 stimulation leads to accumulation of free polyubiquitin chains that associate with TAB2 (46) . After TAK1 is activated, it phosphorylates IKKβ and MKKs, leading to the activation of IKK and MAK kinases as described above. Interestingly, while activated TAK1 could directly phosphorylate MKKs, the phosphorylation of IKKβ by activated TAK1 still requires polyubiquitin chains (47) . These polyubiquitin chains likely recruit both TAK1 and IKK complexes through binding to the TAB2 and NEMO subunits, thereby facilitating IKK phosphorylation by TAK1 ( Figure  1 ).
While multiple lines of biochemical and genetic evidence strongly support the critical role of K63 polyubiquitination in the IL-1 pathway, much less is known about the role of ubiquitination in the TLR pathways. Since MyD88 and TRAF6 are essential for IKK activation by several TLRs, it is assumed that K63 polyubiquitination is important for signaling in these TLR pathways as well. However, direct evidence is lacking in most cases. Interestingly, the study of TLR4 signaling suggests an interplay between K63 and K48 polyubiquitination in controlling downstream signaling outcomes (48) . Upon stimulation by LPS, TLR4 recruits MyD88 and another adaptor TRIF to induce proinflammatory cytokines and type-I interferons, respectively. Several TRAF proteins, including TRAF6 and TRAF3, are recruited to both of these adaptors. In addition, cellular inhibitors of apoptosis, cIAP1 and cIAP2, which are also RING domain ubiquitin E3 ligases, are recruited to MyD88 but not TRIF. In the MyD88 complex, TRAF6 catalyzes K63 polyubiquitination of cIAPs, which in turn promote K48 polyubiquitination and subsequent degradation of TRAF3. The degradation of TRAF3 allows cytosolic translocation of a signaling complex containing MyD88, TAK1 and MAP kinases, resulting in the activation of MAP kinases and the induction of proinflammatory genes. In the TRIF complex, which is devoid of cIAPs, TRAF3 catalyzes its own K63 polyubiquitination, which is important for inducing type-I interferons.
RIG-I-like receptor pathway
RIG-I -like receptors (RLRs) detect viral RNA in the cytoplasm and trigger signaling cascades leading to the production of type-I interferons and other antiviral molecules ( Figure  2 ) (49, 50) . RLRs consist of three members, RIG-I, MDA5 and LGP2, all of which contain an RNA helicase domain. RIG-I and MDA5 also contain N-terminal tandem CARD domains that are important for their signaling functions. LGP2 lack the CARDs and therefore serve regulatory functions. RIG-I contains a C-terminal domain (CTD) that binds to viral RNA containing 5′-triphosphate (51, 52) , which is distinguished from mammalian cellular RNA that normally contains 5′ modifications such as a 5′-cap in mRNA. The binding of viral RNA to CTD of RIG-I induces a dramatic conformational change that exposes the N-terminal CARDs, which then interact with the CARD domain of the mitochondrial adaptor protein MAVS (also known as IPS-1, VISA or CARDIF) (44, (53) (54) (55) . MAVS resides on the mitochondrial outer membrane and activates cytosolic protein kinases including IKK and the IKK-like kinase TBK1 (44) . IKK activates NF-κB, whereas TBK1 phosphorylates the transcription factor IRF3. IRF3 and NF-κB translocate to the nucleus where they function together to induce type-I interferons. Genetic experiments have shown that RIG-I is responsible for immune detection of many RNA viruses, such as influenza virus, vesicular stomatitis virus, Sendai virus and hepatitis C virus, whereas MDA5 is specifically required for interferon induction by picornaviruses (e.g., encephalomyocarditis virus) (56) . MDA5 binds to long double-stranded RNA such as poly[I:C], but the nature of viral RNA ligand for MDA5 is still not well defined.
K63 polyubiquitination plays a crucial role in signal transduction at multiple steps of the RIG-I pathway (Figure 2 ). Following the binding of viral RNA to the CTD of RIG-I, the Nterminal CARDs recruit the ubiquitin E3 ligase TRIM25 (57) . TRIM25 catalyzes K63 polyubiquitination of RIG-I at K172 within the second CARD domain. Another ubiquitin E3 ligase termed Riplet (also known as RNF135) ubiquitinates RIG-I at the C-terminus (58) . We found that TRIM25 and Ubc13/Uev1A synthesize free K63 polyubiquitin chains, which bind to RIG-I CARDs (59) . This binding activates RIG-I such that it promotes the aggregation of MAVS on the mitochondrial membrane (60) . Remarkably, the MAVS aggregates form prion-like fibers that efficiently convert other MAVS molecules into massive aggregates that are highly potent in activating IKK and TBK1 in the cytosol. How MAVS aggregation leads to IKK and TBK1 activation is still not entirely clear, but K63 polyubiquitination again plays an important role in these processes. Using an assay in which incubation of mitochondria isolated from virus-infected cells with cytosolic extracts caused IRF3 phosphorylation and dimerization, we found that Ubc5 and K63 polyubiquitination are required for IRF3 activation by MAVS (61) . TRAF proteins are candidate E3s involved in this process, as MAVS contains multiple binding sites for TRAF2, TRAF3, TRAF5 and TRAF6. However, cells lacking TRAF3, TRAF6, or both TRAF2 and TRAF5 are still capable of activating IRF3 in response to Sendai virus infection (61) . A recent report showed that the mind bomb E3 ligases, MIB1 and MIB2, catalyze K63 polyubiquitination of TBK1, which activates this kinase(62).
T cell receptor pathway
Stimulation of the T cell receptor (TCR) with a cognate MHC-bound ligand triggers a tyrosine phosphorylation cascade that results in the recruitment of protein kinase C-θ (PKCθ) to the receptor (Figure 3 ) (63) . PKCθ phosphorylates the CARD domain protein CARMA1, which in turn recruits BCL-10 and MALT1 to TCR. MALT1 contains binding sites for TRAF2 and TRAF6. The binding of MALT1 to TRAF6 promotes TRAF6 oligomerization, which activates the E3 ligase activity of TRAF6 (64) . TRAF6 functions together with Ubc13/Uev1A to catalyze K63 polyubiquitination that leads to the activation of TAK1 and subsequent activation of IKK and NF-κB. In support of this model, deletion of Ubc13 or TAK1 in mouse thymocytes abolishes IKK activation by TCR stimulation(65-68). However, TRAF6-deficient T cells are hyper-activated as a result of their resistance to suppression by regulatory T cells (69) . It is possible that other E3 ligases such as TRAF2 or MIB2 could compensate for the loss of TRAF6 in maintaining T cell activation (64, 70) .
Roles of K63 and alternative ubiquitin linkages in IKK activation by TNFα
The TNFα pathway is one of the most intensely studied signaling pathways in part because of the pivotal role of TNFα in a wide spectrum of autoimmune and inflammatory diseases (71) . Two TNF receptors, TNFR1 and TNFR2, mediate the functions of TNFα. TNFR1 is expressed in most mammalian cells and is more extensively studied than TNFR2, which exhibits a more restricted expression pattern, predominantly in lymphocytes. Upon binding to TNFα, TNFR1 recruits a large number of proteins, including the adaptor TRADD, the protein kinase RIP1, several ubiquitin E3 ligases such as TRAF2, TRAF5, cIAP1, cIAP2 and LUBAC, the deubiquitination enzymes A20 and CYLD, and the cell death proteins FADD and procaspase-8 (Figure 4) (45) . Concomitant with the assembly of the receptor complex, RIP1 is rapidly polyubiquitinated, which is important for recruiting the TAK1 and IKK complexes, leading to the activation of NF-κB and MAP kinases (31) . Subsequent to the rapid activation of IKK and NF-κB, the TNF receptor complex dissociates, and some of the proteins are released from the receptor to form a cytosolic complex consisting of FADD, RIP1 and procaspase-8 (72) . Within this complex, procaspase-8 cleaves itself to form mature caspase-8, which then cleaves caspase-3 to initiate apoptosis. Caspase-8 also cleaves RIP1, thereby preventing RIP1 from activating RIP3, which would otherwise trigger necrosis (73) (74) (75) . When caspase 8 is absent or inhibited, RIP1 phosphorylates RIP3, leading to necrosis, which is highly inflammatory. In most cells, TNFα does not induce apoptosis or necrosis because NF-κB is activated before caspase 8 can execute the cell death program. NF-κB induces the expression of cell survival factors, including apoptosis inhibitors such as cIAPs and c-FLIP. c-FLIP binds to caspase-8 and blocks the initiation of apoptosis (Figure 4) .
The TNF-dependent recruitment of multiple ubiquitin ligases and deubiquitination enzymes implies that ubiquitination might be important for regulating inflammation and cell death in this pathway. Indeed, knockout of both TRAF2 and TRAF5 severely impairs IKK activation by TNFα (76) . However, despite the overall structural similarity between TRAF2 and TRAF6, TRAF2 lacks key residues in its RING domain that are required for binding Ubc13 (77) . Interestingly, it was recently shown that sphingosine-1-phosphate (S1P) binds to TRAF2 and renders TRAF2 competent in catalyzing K63 polyubiquitination of RIP1 (78) . cIAP1 and cIAP2 also catalyze polyubiquitination of RIP1; however, the ubiquitin chains synthesized by cIAPs and Ubc5 are not restricted to the K63 linkage (43, 79, 80) . Depletion of cIAP1 and cIAP2 also impairs IKK activation by TNFα.
A third ubiquitin E3 ligase complex, LUBAC, which is composed of HOIP, HOIL-1 and Sharpin, is also recruited to TNFR1 (81) . LUBAC and Ubc5 catalyze linear polyubiquitination of NEMO in vitro (82) . Depletion of LUBAC subunits by RNAi or gene knockout in mice partially impairs NF-κB activation. An important role of LUBAC in the TNF pathway is exemplified by the strong inflammatory phenotypes of a naturally occurring mouse mutant called cpdm (chronic proliferative dermatitis), which is deficient in Sharpin expression (83) . Several groups showed that Sharpin-deficient cells failed to activate IKK, and suggested that the NF-κB defect in cpdm mice causes cell death, which then triggers the inflammatory diseases (84) (85) (86) . However, others reported that IKK or NF-κB activation was largely normal or even hyperactivated in these cells (87) . Moreover, the inflammatory phenotypes in cpdm mice can be rescued by crossing cpdm mice with IL-1 receptor accessory protein (IL-1RAcP)-deficient mice, suggesting that enhanced IL-1 signaling is an important cause of the inflammatory diseases (88) . The cpdm phenotypes can also be rescued by treating the mice with the proteasome inhibitor bortezomib, which is known to inhibit NF-κB (88) . Thus, the inflammation in cpdm mice is likely due to excessive rather than attenuated NF-κB activation. It is possible that Sharpin inhibits TNFα-induced cell death through both NF-κB -dependent and -independent mechanisms. Consistent with potentially complex functions of Sharpin, a recent study showed that Sharpin is an inhibitor of integrin activation (89) . Thus, further studies are required to understand how Sharpin deficiency leads to inflammatory diseases.
It is interesting to note that all ubiquitin E3 ligases recruited to TNFR1 inhibit cell death, whereas CYLD has the opposite effect ( Figure 4) . A key target of these E3s and CYLD is RIP1 (90) . Indeed, RIP1 polyubiquitination leads to NF-κB activation and promotes cell survival, whereas deubiquitination of RIP1 by CYLD promotes the assembly of the cytosolic complex termed Ripoptosome, which leads to cell death (91, 92) . In light of the involvement of multiple ubiquitin E3s in the TNFR1 complex, perhaps it is not surprising that the ubiquitin chains on RIP1 are complex. In addition to K63 polyubiquitin chains, other ubiquitin linkages, including K11 and linear chains, have been detected on RIP1 (31, 84, 93, 94) . These findings might explain why depletion of Ubc13 or replacement of endogenous ubiquitin with K63R mutant did not block IKK activation by TNFα (43) . It is likely that multiple E3 ligases, including TRAFs, cIAPs and LUBAC, cooperate with or compensate for each other to regulate NF-κB and control cell death in the TNF pathway.
Perspectives -conclusions and outstanding questions
When we stumbled upon the role of ubiquitin in activating IκB kinase 15 years ago, I thought it was interesting but probably just a mechanism only relevant to some obscure or niche pathways. However, research in the past decade has brought ubiquitination to mainstream NF-κB pathways, including immune and inflammatory responses. The discovery of increasing numbers of ubiquitin E2s (e.g, Ubc13, Ubc5), E3s (e.g, TRAFs, cIAPs, LUBAC), DUBs (e.g, CYLD, A20), and ubiquitin receptors (e.g, NEMO, TAB2/3, RIG-I) in diverse NF-κB signaling pathways underscores the central role of ubiquitination in IKK activation. Of course, the role of ubiquitination is not limited to IKK activationubiquitin-mediated degradation of IκB and processing of NF-κB precursors (p100 and p105) are crucial to NF-κB activation (42) . Through activation of TAK1, ubiquitination also regulates MAP kinases in many immune and inflammatory pathways. Emerging evidence also suggests that ubiquitination plays an important role in the activation of other kinases such as TBK1 and AKT (61, 62, 95) . Beyond NF-κB and protein kinases, K63 polyubiquitination has also been shown to regulate diverse physiological processes, including DNA damage repair, vesicle trafficking, and chromatin dynamics (96) .
The high degree of conservation of K63 polyubiquitination enzymes such as Ubc13/Uev1A from yeast to human implies essential functions of this type of polyubiquitin chains. Other types of polyubiquitin chains also exist in eukaryotic cells. Proteomics studies in yeast suggest that with the exception of K63 ubiquitin chains, all other ubiquitin chains appear to function in targeting proteins to the proteasome (97) . However, this does not rule out the possibility that alternative ubiquitin chains could have regulatory functions independent of proteolysis. Recent studies suggest that K11 and linear ubiquitin chains could function in some NF-κB signaling pathways (82, 94) . Both K11 and linear ubiquitin chains could also target protein degradation by the proteasome in cells (98) (99) (100) . It is not clear how a protein is fated to degradation or to perform a regulatory function after it is modified by certain ubiquitin chains. Even K63 polyubiquitin chains could target a protein for degradation by the proteasome in vitro (101) , but in cells K63 polyubiquitinated proteins are largely spared from the proteasome, probably because they bind to certain ubiquitin receptors, which protect the ubiquitin chains from the proteasome and DUBs.
An outstanding issue concerning ubiquitination and IKK activation is the identification of physiological ubiquitination targets that are important for IKK activation. In most cases, a putative ubiquitination target was identified by overexpression of a protein containing mutations at certain lysine residues. This can be misleading, as lysine mutation can have unintended consequences, such as inactivation of an enzyme activity (e.g, a kinase) or alteration of protein folding. Many putative ubiquitin modifications have not been verified by mass spectrometry. Ultimately, a bona fide ubiquitination target should be verified by genetic complementation experiments (e.g, mouse knock-in) and by direct biochemical assays (e.g, ubiquitin modification of a protein alters its activity). Recently, knock-in mouse models carrying point mutations that selectively disrupt ubiquitin binding of some proteins (e.g., ABIN1 and optineurin) have been generated, providing strong evidence for the role of polyubiquitin binding in the functions of these proteins (102, 103) . We expect that similar approaches will be taken to validate putative ubiquitination targets in the coming years (assuming that the knock-in mutation only impairs ubiquitin conjugation).
The difficulty in detecting ubiquitination of an endogenous protein is due in large part to the very low stoichiometry of signal-dependent ubiquitin modification. Recent advances in quantitative mass spectrometry should greatly facilitate the discovery of physiological ubiquitination targets. However, when a very small fraction of a protein is ubiquitinated, it presents a challenge to obtain direct evidence that the ubiquitin modification alters the protein activity. This is further complicated by the recent findings in our lab and others that free K63 polyubiquitin chains can directly activate TAK1, IKK and RIG-I (46, 59, 104) . The idea that free polyubiquitin chains could function as a second messenger-like molecule may explain how signaling could proceed robustly when a minuscule fraction of proteins is modified by ubiquitin (or not modified at all), but also poses a problem of how the signaling specificity is achieved. One possible solution to the specificity question is the fact that free ubiquitin chains are very labile, due to the presence of abundant DUBs in the cell. When the ubiquitin chains bind to specific ubiquitin receptors they are protected from DUBs. Thus, the proximity of a ubiquitin chain producer (E3 such as TRAF6 or TRIM25) to a ubiquitin receptor (e.g, TAK1/TAB2 or RIG-I) allows the ubiquitin chains to be delivered to the receptor to initiate signaling (Figure 1 and 2) ; excess ubiquitin chains are degraded by DUBs, avoiding the activation of irrelevant targets. It should be noted that most ubiquitination reactions generate far more unanchored ubiquitin chains than ubiquitin chains anchored on a protein target, thus it is not necessary to invoke a mechanism whereby a ubiquitin chain is conjugated to a target and then taken off by a DUB to generate unanchored ubiquitin chains. Clearly, endogenous free K63 ubiquitin chains can be isolated from cells and these chains have potent activity in vitro. However, more work is needed to determine the role of these ubiquitin chains in cell signaling in vivo.
A milestone in the convergence of the ubiquitin and NF-κB fields is marked by the first joint Keystone meeting on NF-κB and ubiquitin to be held in 2012. Research on ubiquitination in the NF-κB pathways has produced several new conceptual advances that move both fields forward. Continued cross-fertilization between these fields should be fruitful for many years to come.
Figure 1. Ubiquitin-mediated activation of TAK1 and IKK in IL-1R/TLR pathways
Stimulation of interleukin-1 receptor (IL-1R) or one of the Toll-like receptors (TLR) leads to the dimerization of the receptor and subsequent recruitment of the Myddosome complex, which consists of MyD88, IRAK4, IRAK1 (or IRAK2). IRAK1 is phosphorylated by IRAK4 and then associates with and activates the ubiquitin E3 ligase TRAF6. TRAF6 functions together with the ubiquitin E2 complex composed of Ubc13 and Uev1A to catalyze the synthesis of K63-linked polyubiquitin chains which are conjugated to other proteins or unanchored. Unanchored K63 polyubiquitin chains have been shown to bind the TAB2 subunit of the TAK1 kinase complex, and this binding promotes autophosphorylation of TAK1, which results in its activation. The polyubiquitin chains also bind NEMO to recruit the IKK complex, thereby facilitating the phosphorylation of IKKβ by TAK1. IKK is then activated to phosphorylate IκBα, which is polyubiquitinated by the ubiquitin ligase complex SCF-βTrCP and degraded by the 26S proteasome. NF-κB (represented by p50/p65 dimer) translocates to the nucleus to turn on the expression of many target genes.
Figure 2. Ubiquitination in the RIG-I antiviral innate immunity pathway
After infecting a host cell, RNA viruses replicate their RNA, which contains 5′-triphosphate and double-stranded segments that are recognized by the cytosolic sensor protein RIG-I. RIG-I contains an RNA helicase domain and a C-terminal domain (CTD) that bind to viral RNA. The RNA binding and ATP hydrolysis induce the translocation of RIG-I on the RNA and a conformational change that exposes the N-terminal CARD domains, which recruit the ubiquitin E3 TRIM25 to synthesize unanchored K63 polyubiquitin chains. These ubiquitin chains bind to the CARD domains of RIG-I, enabling RIG-I to induce a prion-like aggregation of MAVS on the mitochondrial membrane. The MAVS aggregates then activate IKK and TBK1 through K63 polyubiquitination that involves the E2 Ubc5 and E3s such as TRAFs or MIB1/2. IKK and TBK1 activate NF-κB and IRF3, respectively, which enter the nucleus to induce type-I interferons and other antiviral molecules.
Figure 3. Ubiquitination and T cell activation
Upon engagement of MHC-bound peptides, T cell receptors (TCR) trigger a cascade of tyrosine phosphorylation events that lead to the activation of protein kinase C-θ (PKCθ). PKCθ then phosphorylates the membrane-associated protein CARMA1, which in turn recruits BCL10 and MALT1. MALT1 binds to TRAF6 and perhaps other ubiquitin E3 ligases. The binding of MALT1 to TRAF6 induces TRAF6 oligomerization and activates its E3 ligase activity, which then catalyzes K63 polyubiquitination to activate TAK1 and IKK. T cell receptor signaling also activates the calcineurin -NFAT pathway through increasing the intracellular concentration of calcium. NFAT, NF-κB and other transcription factors cooperate in the nucleus to induce the production of interleukin-2 (IL-2).
Figure 4. Roles of ubiquitination in TNFα-induced NF-κB activation and cell death
The binding of TNFα to its receptor (TNFR1) induces the trimerization of the receptor and recruitment of a protein complex (complex I) that includes the adaptor protein TRADD, the protein kinase RIP1 and ubiquitin E3 ligases TRAF2, TRAF5, cIAP1, cIAP2 and LUBAC. Some or all of these E3s catalyze polyubiquitination of RIP1, which recruits and activates the TAK1 and IKK complexes. Deubiquitination of RIP1 by CYLD not only inhibits TAK1 and IKK activation, but also facilitates the formation of a cytoplasmic complex (complex II or Ripoptosome) consisting of RIP1, FADD and procaspase-8. Within this complex, procaspase 8 auto-cleaves to generate mature caspase-8, which then initiates apoptosis. However, caspase-8 is normally inhibited by caspase inhibitors such as c-FLIP, which is induced by NF-κB. Ubiquitin E3 ligases inhibit cell death indirectly by activating NF-κB and/or directly by blocking the formation of Ripoptosome.
